The masquerade (mas) locus encodes an extracellular molecule with a striking similarity to serine proteases. The serine residue, which is essential for enzymatic activity, has been substituted by glycine, suggesting that MAS could serve to antagonize serine protease activity [Murugasu-Oei et al. (1995) , Genes Dev. 9, 139-1541. We describe the expression pattern of mus mRNA and protein in the developing embryonic, larval and pupal nervous system and in the epidermis. Total loss of mas function is lethal and results in aberrations in the embryonic central and peripheral nervous systems, consistent with a role in axonal guidance. The possibility that the observed deficits in taste behavior, exhibited by animals with partial loss of mas function, are a result of defects in the adult brain are discussed.
Introduction
A genetic analysis of the nervous system requires the availability of reliable phenotypes that can be used to assess function. A convenient index of brain function is behavior and the fruitfly Drosophila melanogaster is eminently suitable for such analyses (Benzer, 1973) . A wide range of behaviors can be assayed in adult Drosophila ranging from relatively simple responses like phototaxis and geotaxis to more complex behaviors like learning and memory, courtship and mating, and circadian rhythms (Hall, 1994) . Chemosensory responses, both taste and olfaction, range intermediate in complexity between the simple taxis or reflex responses and the higher order tasks which appear to involve high degrees of computation by the fly's brain (Falk and Atidia, 1975; Tompkins et al., 1979) .
The taste assays that we employ involve the detection of a chemical stimulus and a 'decision' whether to accept or reject it. We expect that this choice would require processing in the brain involving comparison of information about the quality and concentration of the stimulus together with the nutritional status of the fly (Siddiqi et al., 1989; Balakrishnan and Rodrigues, 1991) . Such integrative tasks would require precise connections of neurons into networks and would be affected by relatively subtle changes which are unlikely to be detectable by anatomical inspection.
Molecules specifying the development and/or function of such circuits are very likely to be used repeatedly in several neuronal pathways in the brain, hence mutations in such genes would lead to pleiotropic effects and could be lethal at earlier stages in development.
Our screens permit the isolation of partial loss-of-function alleles which allow adult viability but which disrupt the function of neuronal pathways leading to aberrations in behavior (VijayRaghavan et al., 1992; Inamdar et al., 1993; Rodrigues et al., 1995) . The roles played by molecules thus identified, in the development or function of gustatory circuits, can be investigated using powerful genetic strategies that facilitate the study of lethal genes in defined regions of the brain (Xu and Rubin, 1993) or misexpression of genes in desired developmental patterns (Golic and Linquist, 1989) .
The masquerade (mas) gene was identified by its partial loss-of-function phenotype which results in a defect in its taste responses. Cloning and sequencing of the mus gene has shown that it encodes a 1047 amino-acid secreted protein which is processed to generate two different polypeptides.
The carboxy-terminal polypeptide shows a striking resemblance to serine proteases but is unlikely to possess catalytic activity since the serine associated with the catalytic triad of residues has been replaced by a glycine (Murugasu-Oei et al, 1995) . This led us to speculate that MAS acts as a competitive antagonist of serine proteases. This proposed role is interesting in light of nervous system development, where the interplay between serine proteases and their inhibitors is believed to be important in regulating neurite outgrowth in culture (Monard, 1988) . The role of serine proteases in mediating contact repulsion leading to an inhibition of growth has recently been demonstrated in growth cones of the central nervous system (CNS) (Baird and Raper, 1995) .
In this paper, we investigate the possible role of MAS in the development of the Drosophila central and peripheral nervous systems. We show that the MAS molecule is expressed in relevant cell types during embryonic, larval and pupal life. Total loss of mas function in the embryo results in defects in the axonal connectivities of the motor as well as sensory axons. We have characterized the taste behavior of different mutant combinations of mus. Our phenotypic investigations suggest that defects in information processing by the neuronal pathways is the underlying cause for the aberrant taste behavior exhibited by larvae and adults mutant for mus.
Results

The MAS protein is expressed in the developing embryonic, larval us well us pupal nervous system and epidermis
The insertion allele musP[W+,Q'+]64B was identified because of its defect in taste behavior. The mus gene has been cloned and shown to encode a single -4 kb transcript which is expressed during embryonic, larval and pupal development but not in the adult (Murugasu-Oei et al., 1995) . We have followed the expression of the mus gene in wholemount embryos by in situ hybridization. mus mRNA is detected in small groups of cells located along the midline of the central nervous system (CNS) at stage 11, persisting until the end of stage 13 (arrowhead in Fig. IA) (Campos-Ortega and Hartenstein, 1985) . These cells lie posterior to the precursors of the ventral unpaired median neurons (VUMS) and are glia-like in morphology.
Expression was also detected in the epidermis starting as lateral patches of cells at stage 12 (fine arrow in Fig. 1A ) and becoming more abundant by stage 14. Cells at the anterior border of each segment express mus transcripts at high level (data not shown). mus mRNA was not detected in neural precursors or in neurons.
We probed the expression of MAS protein using an antibody generated against the C-terminal serineprotease-like domain. The antibody recognized the midline cells described above and also the axons of the longitudinal connectives of the CNS (arrowhead in Fig. 1B ). Our observation of protein localization at neuronal cells in the absence of RNA expression can be explained by the hypothesis that protein secreted by epidermal and/or midline cells is sequestered onto the longitudinal connectives. The expression of MAS in the midline cells of the CNS persists throughout larval life and is also detected in the early pupa (arrowheads and inset in Fig. 2A ).
The expression of MAS protein during post-embryonic stages was followed using the antibody against the Cterminal region of the molecule as well as an antibody against an N-terminal peptide (Murugasu-Oei et al., 1995) . Both antibodies gave identical staining patterns during these stages; previous experiments had ascertained that pre-immune sera did not result in similar staining patterns. The MAS protein is associated with cell bodies in the cellular cortex (CC in Fig. 2A ) of the larval ventral nerve cord (VNC). The stained cells in the cellular cortex were identified as neurons based on the comparison of these preparations with those stained with neuronalspecific markers, monoclonal antibodies 44Cll and 22ClO. The MAS-expressing midline cells are not stained with 44Cll or 22C10, are thus unlikely to be neurons. The staining in the brain and VNC disappears within the first 24 h of pupation and appears again during the third day, persisting until the end of pupal life (Fig. 2D) .
Strong expression of MAS was observed in cells of the sheaths (the perineureum, pn in Fig. 2A , inset in Fig. 2D ) covering the larval and pupal brains. Cells ensheathing the sensory afferents in the major nerves connecting to the brain also express MAS (LN in Fig. 2D) .
Expression of MAS protein in all the imaginal discs is first detected at low levels in late third instar larvae and continues throughout pupal life. The levels of protein appear to be higher in the cells at the foldings of the discs (arrowheads in Fig. 2B ) presumably in the regions where invaginations will occur. Staining in the pupal appendages and the body epidermis is ubiquitous and at high level at -48 h after pupation. In the epidermal cells, the cytoplasmic nature of the protein can be easily discerned (Fig. 2E) . The pseudotrachea of the pupal proboscis is strongly stained (Fig. 2C) and the protein appears to be secreted into the lumen in some regions (not shown). Epidermal as well as nervous system expression of MAS decays in the pharate adult and is not detectable in the adult. Fig. 3 ). The C-terminal portion of MAS is localized along the axons of the longitudinal connectives (arrowhead).
Loss of mas function leads to defects in the central and peripheral nervous systems of the embryo
We have shown that mas mRNA and protein is expressed in a group of cells along the ventral midline and in the epidermis of the embryo. The protein is most likely secreted from these cells onto the developing longitudinal connectives.
This observation, together with sequence analysis suggesting that MAS may act to antagonize serine protease activity, prompted us to look for defects in axonal pathfinding in the embryo.
The P element insertion in the masP[w+Q+]64B strain is located -500 bp 3' of the mas transcription unit (Fig. 3 , adapted from shows the genomic region of mas and the rearrangements in the mutant strains). Poly(A)+ RNA blots were probed with genomic DNA spanning the mas locus including -11 kb downstream of the insertion site, and no transcripts other than the 4 kb mas transcript were detected. We exploited the inherent tendencies of P elements to transpose locally at high frequency (Tower et al., 1993) and to cause small deletions during their mobilization, in an effort to generate null alleles at the mas locus (Engels and Preston, 1984; Cooley, 1990) . Three lethal strains, masxS76, masx124 and mas154, were generated in independent mobilization experiments ( Fig. 3 ). masxS76 and masx124 are null alleles, while mas154 bears a 3' deletion presumably leading to a truncated protein lacking the carboxy-terminal domain. These strains are late embryonic lethals which fail to complement one another
We examined the CNS and PNS of embryos of mas lethals using antibodies that recognize nervous systemspecific epitopes. The monoclonal antibody BP102, which recognizes all CNS axons (A. Bieber and N. Patel, unpublished) , revealed a range of abnormalities in stage 15 embryos. The range of defects include discontinuities in the longitudinal connectives as well as abnormalities in the horizontal commissures (Fig. 4B ). The CNS phenotypes were observed at about 30% penetrance, which is significantly higher than in the original insertion strain masP[w+Jy+164B, from which these stronger mutants were derived (Table 1) .
We analyzed the primary causes of the CNS defects observed in the late embryos using the monoclonal antibody lD4 that recognizes fasciclin II (G. Helt, unpublished). We focused our attention on the neurites of the Different developmental stages were stained using an antibody raised to the C-terminal end of the putative MAS product, The antibody reaction was visualized using FITC-coupled secondary antibodies and viewed using confocal microscopy. (A) In the third instar larvae, brain cells along the ventral midline (arrowheads and inset) as well as cell bodies in the cellular cortex (CC) of the ventral nerve cord (VNC) arc labelled. Around the cerebral hemispheres (CH), cells that contribute to the perineureum (pn) can be seen to be stained. (B) Staining can be seen at low level throughout the antennal disc, although at higher levels in cells along the foldings of the discs (arrowheads). The central fold corresponds to the Arista (Ar). (C) Pseudotrachea (PT, arrow) in the late pupal proboscis. High levels of MAS localize within the pseudotrachea. (D) A large number of cell bodies within the 50 h pupal brain express MAS at low levels. Cells that ensheath the axons within the labial nerve (LN) as well the those in the perineureum of the brain (arrowheads, inset) express high levels of MAS. oe, oesophagus; SOG, sub-oesophageal ganglion; OL, optic lobes. (E) Epidermis from 48 h pupa. High levels of MAS expression can be seen in the cytoplasm of all cells (* indicates the nucleus). Scale bar in (A,D). SOpm; (B), 25pm; (CE), 10pm.
anterior and posterior corner cells (aCC and pCC) which pioneer the intersegmental nerve and the vMP2 pathway, respectively (Grenningloh et al., 1991, Goodman and Doe, 1993) . Stalling of the aCC axons was observed in several segments (large thick arrow in Fig. 4C ) and could be the basis for the apparent intersegmental nerve misrouting seen in Fig. 4E (open arrows). The vMP2 pathway contributes to the longitudinal connectives and stalling of the pCC axons (Fig. 4D, arrow) could, in principle, lead to defects seen in the connectives. Changes in axonal morphology in other pathways did occur but were not analyzed in detail.
projections in the sensory nerves (small arrows in Figs. SD-F). In rare instances, some of the neurons of displaced sense organs were missing. In several cases the axonal pathways appeared to follow an aberrant path and often crossed segment boundaries (Fig. 5E ) to make erroneous connections with the ventral ganglia. These defects in the peripheral nervous system (PNS) were observed in approximately 25% of mas lethal alleles (Table 2 ).
Mutations in mas affect the performance of gustatory circuits in larval and in adult Drosophila
The embryonic sensory structures are arranged in a reWe have observed a small but significant percentage of producible pattern on the thoracic and abdominal segaxonal defects in the CNS and PNS of mas lethal alleles. ments (Jan and Jan, 1993) (Fig. 5A-C) . Staining mutant This finding, together with our observation of MAS exembryos with the sensory-specific monoclonal antibody pression in the developing imaginal nervous system, pre-22C10 (Fujita et al., 1982) revealed defects in the location dicts aberrations in the circuitry of the adult brain. Howof the sense organs (brackets in Fig. 5E ,F) as well as their ever, the low expressivity of the mas defects in embryos (see legends in Tables  1 and 2 ) would make their examination in the complex neuronal architecture of the fly's brain a daunting task. We have previously argued that subtle changes in brain structure and/or function manifest themselves as changes in behavior (VijayRaghavan et al., 1992; Rodrigues et al., 1995) . We decided to concentrate our analysis on gustatory behavior since MAS is expressed at high levels in the suboesophageal ganglion (SOG in Fig. 2D ), a region believed to be involved in the processing of gustatory information (Stocker, 1994) .
The feeding preference assay measures the ability of adult Drosophila to detect a stimulus and preferentially feed from wells containing acceptable stimuli. musP[w+Jy+164B show a reduced sensitivity to sucrose when compared to the wildtype controls (Fig. 6A) . These flies also fail to respond to low concentrations of NaCl (Fig.  6B) , although their rejection of high concentrations of In the case of lethal alleles, homozygous mutant embryos were identified using the lacZ marker on the balancer chromosome. Embryos were stained with the monoclonal antibody BP102 and defects in the formation of longitudinal connectives or abnormalities in the horizontal commissures in stage 15 and 16 homozygotes were scored. The expressivity of the CNS defects was low, involving 1-2 segments per CNS-defective mutant.
NaCl and KC1 is not significantly different from wildtype controls (data not shown; P > 0.2). We showed that this lack of feeding was due to a reduced performance of the gustatory circuits themselves, rather than a general disinclination to feed, by exploiting another behavioral test, the proboscis extension test. In this test, solutions of sugars are applied to the taste organs on the tarsi of starved but water-satiated flies and the evoked extension of the proboscis is measured. Fig. 6C shows that muSPlW+JY+164B flies exhibit a reduced response to sucrose in this test as compared to flies of a similar genetic background. Extension of the proboscis can also be evoked by applying stimuli to the sense organs on the labial palps. In the experiments where the tarsal response was measured, the labial sensilla were also stimulated (Fig. 6C) . mas mutants show a significantly reduced response in this assay as well (P < 0.05).
In larval chemotaxis assays, the response to NaCl by mutant animals appears to involve a defect in the assessment of salt concentration rather than a defect in saltsensing per se. Like the wildtype, musP[w+JY+]64B larvae are attracted to low concentrations of NaCl and are repelled at high concentrations (Fig. 6D) . However, the response curve is shifted to the left indicating an apparent hypersensitivity to NaCl in the third instar larvae.
Defects in behavior could, in principle, arise from a lesion at any step in the neuronal pathway, from stimulus detection to processing of information and finally a motor output. We are able to measure the electrical activity generated at the taste neurons in response to chemical stimuli (Rodrigues and Siddiqi, 1978; Fujishiro et al., 1984) . Each taste organ on the surface of the labellum is innervated by four chemosensory neurons (Nayak and Singh, 1983) , one of which is sensitive to sugars (S), two to salts (Ll and L2) and one to water (W) (Rodrigues et al., Homozygous mutant embryos, in the lethal alleles, were identified with the help of the 1ucZ marker on the balancer chromosome. Embryos were stained with antibody 22ClO and stage 15 and 16 embryos were scored for defects in the PNS pattern of abdominal segments Al-A7. The aberrations seen in the PNS-defective mutants were of low expressivity, affecting 24 hemisegments in general.
1991). The electrophysiological responses of each of these sensory neurons by stimulation with an appropriate stimulus were recorded. There was no significant difference in firing frequencies in the mutants as compared to the wildtype strain (P > 0.2 for each value). The behavioral phenotypes observed are therefore likely to be due to lesions at a more central level in the gustatory pathway involving integration of sensory information.
We show that the behavioral phenotypes in ~u.Y~[~+JY+I~~~ are caused by the insertion of the P element. Since the transposon is marked with easily scored eye-color genes, we generated strains in which the P element was excised by transposase activity (Robertson et al. 1988) . Twenty-nine of the 39 excision lines examined for taste behavior showed a complete reversion to wildtype (P = 0.5). The DNA from seven randomly selected lines which had reverted to wildtype behavior was examined by Southern analysis using genomic probes in the vicinity of the insertion site (Fig. 3) . The hybridization patterns of these lines were comparable to that of the wildtype strain and these were concluded to have arisen from precise excisions of the P element. All the lines examined which continued to show defective behavior, on the other hand, showed lesions at the site of the excised P element. The correlation between Southern analysis and behavioral phenotype strongly implicates the P element as causative of the phenotypes observed in masP[w+Jy+164B.
The lethal alleles musxs76, masX124 and mus154, failed to complement the insertion strain musp[w+,~+164B in the feeding preference assays (Table 3) . musP[w+Jy+164B behaves as a partial loss-of-function allele since the phenotype in trans with the null alleles masxs76 and masx124 is significantly more severe than that of the homozygous strain (P < 0.001). Interestingly, the response of musp[w+JY+164B/mus154 is not significantly different from masP [w+,q+] 64B homozygotes (P > 0.2). Staining of mus154 embryos with specific antibodies raised against different regions of the MAS molecule indicates that this allele produces a truncated product which lacks the serineprotease-like domain. Hence mus154 behaves as a hypomorphic allele with respect to chemosensory function.
Discussion
I. The MAS molecule is likely to play a role in modulating axon growth in the embryonic CNS and PNS
We have shown that mas function is required for the correct development of axonal pathways in the embryo, as well as for gustatory function in larvae and adults. Growth cone guidance involves a variety of different molecular mechanisms including cell adhesion and chemotropism (Baier and Bonhoeffer, 1994; Garrity and Zipursky, 1995) . Several molecules have been identified and shown to exert either short range or long range influences which mediate either attraction or repulsion (Keynes and Cook, 1995) . Proteases serve as repulsive or inhibitory cues which destabilize growth cone/matrix interactions, thus leading to a decrease in the rate of neurite outgrowth in culture (Monard et al., 1983; Gloor et al., 1986; Schwab et al., 1993) . This implies that the dynamics of axonal growth are regulated by a balance of associated proteases and diffusible gradients of inhibitors in the vicinity of the growth cone (Monard, 1988; Pittman and Buettner, 1989) . qf Development 57 (1996) (C) Proboscis extension test. Stimulus was applied to the tarsal and labial sense organs. Flies that extended their proboscis at least five times in ten trials were taken as responders. The response of the recombinant line ru masPfw+*~+164B h fh cu sr e ca was compared to ru h rh cu sr e ca controls. Each value is based on at least 20 flies. (D) Larval chemotaxis to NaCI. The response index is calculated from the difference in the number of larvae on the stimulus and control halves of the plate divided by the total number of larvae on the plate. All values represent means and standard deviations of at least ten independent experiments.
In all cases, the WT refers to the CS strain. The responses of several precise excisions were measured and found to be comparable to this strain.
Genetic as well as cell culture studies provide evidence that glial cells located along the midline structures secrete guidance cues which regulate CNS development (Klambt et al., 1991, Goodman and Doe, 1993) . Guenther et al. (1985) have identified a neurite growth stimulatory factor from glial cells that possesses protease inhibitory activity. Similarly, MAS protein is likely to be secreted by cells located in the ventral midline of the embryonic nervous system. The epidermal cells also secrete MAS; null alleles show no cuticular defects and its role in the epidermis is unclear.
The C-terminal region of MAS shares homology with serine proteases; most residues around the active site are conserved except that the catalytic serine is converted to a glycine residue. This led to our proposal that MAS acts as a competitive inhibitor of serine protease activity. Null alleles of mas show stalling of the growth cones of the aCC and pCC neurons. This is consistent with an increase in protease activity leading to a bias towards repulsive signals and hence a suppression of growth. Thus, the native MAS molecule is likely to play a role in the stimulation of neurite outgrowth .
Mutations in the mas gene lead to behavior defects in larvae and adults
Based on the phenotypes of the lethal alleles in the embryonic CNS and PNS, we speculate that mas mutations are likely to have lesions in the adult brain. Histological examination of the fly's brain did not reveal any significant abnormalities. However, mutant adults and larvae showed abnormalities in behavior. This is reminiscent of the Drosophila semaphorin II gene which mutates to lethality but where viable alleles do not show morphological abnormalities in the CNS except for aberrations in visual and flight behaviors (Kolodkin et al., 1993) .
All viable combinations of mas mutations exhibited elevated thresholds of response to sugars and salts. Electrophysiological recordings from the sensory neurons revealed that the behavioral changes are unlikely to be due to a deficit in sensing per se but rather in the processing of sensory information at a higher level in the pathway. The insertion allele masP [w+,~+] 64B behaves as a partial loss-of-function alleIe and shows a stronger phenotype in trans with the null alleles. The severity of the behavioral phenotype in combination with n&54, however, is not increased. Southern analysis as well as staining with antibodies specific to different regions of MAS demonstrated that the allele mas154 produced a truncated protein which lacked only the serine-protease-like domain. The hypomorphic nature of maP4 in taste assays indicates that the N-terminal region which is produced in this allele has some residual function in the neural circuits underlying behavior. This is in contrast with our observation in the CNS and PNS of mas154 embryos; here, the penetrance and expressivity of the phenotype were comparable to those seen in the null alleles. This implies that the serine-protease-like domain is necessary and sufficient for the function of MAS in axonal guidance.
We observed that even the strongest allelic combination of mas has some residual taste ability; implicating the Rodrigues, unpublished data) . This is particularly interesting since Sb encodes a membrane-associated serine protease and provides further evidence for the role of mas in antagonizing serine protease activity (Appel et al., 1993) .
Experimental procedures
Drosophila stocks and strains
The mas locus was identified in a screen for taste mutants among a set of autosomal lines each bearing a single P insertion per genome. These lines were kindly provided by the Drosophila Stock Center at Bloomington, IN. w"'~; P[(w+,ry+)F]3/TM3Sb which carried an insertion at 64B (Levis et al., 1985) showed a significant reduction in response to sucrose. This strain harbored a lethal mutation on the chromosome, which was separated from the P element by recombination using the multiply marked strain ru h th cu sr e ca (see Lindsley and Zimm, 1992) . The homozygous ru mas h th cu sr e ca strain was used in all subsequent experiments and designated as masPIw+JY+164B. Controls were done to ascertain that the linked markers did not affect the phenotypes being scored in each case.
Mobilization of the P element by transposase
In order to mobilize the P element, we crossed masP[w+Jy+164B to the P[A2-3ry+]ry SbAM2Ubx strain which acts as the transposase source (Robertson et al., 1988) . Jumpstarter males from the progeny of this cross were mated individually to w/w; TM3Sb/TM6Tb virgins and excision of the P element was scored by loss of the eye-color marker w+. Where local transposition events were being isolated we selected those flies in which the P element had moved locally thus causing a change in the expressivity of the MI+ marker (Tower et al., 1993) . Selected chromosomes were maintained over appropriate balancers (Lindsley and Zimm, 1992) .
Southern blot analysis
Genomic DNA from flies was prepared as described by Ashburner (1989) and Southern hybridization was carried out as described by Sambrook et al. (1989) . Probes were labelled with [32P]dATP by random priming reactions.
Whole-mount embryo RNA in situ hybridizations
Staging of embryos was according to Campos-Ortega and Hartenstein (1985) . mRNA was localized in Drosophila embryos as described by Tautz and Pfeifle (1989) using random primed digoxygenin-labelled cDNA probes (Boehringer Mannheim).
Anti-digoxygenin-HRP (horse radish peroxidase) antibody was used to detect the hybridized probe. Development was with 0.25 mg/ml diaminobenzidine, 2 mg/ml of D-glucose and 4 r&ml of glucose oxidase as described by Hsu et al. (1988) .
lmmunochemical staining of embryos
The whole-mount staining protocol of Mitchison and Sedat (1983) was used with modifications by A. Gould and R. White (personal communication).
Briefly, embryos were fixed for 40 min in heptane/paraformaldehyde, devitillinized and washed extensively in PBS containing 0.1% Triton (PBT). The blocking and primary antibody reactions were carried out as described above. Secondary antibodies conjugated to avidin-biotinylated horse radish peroxidase complex was used (Vector Labs.). The enzymatic reaction was developed as described by Hsu et al. (1988) . All mutant alleles were balanced on a chromosome carrying the Ubx-1acZ insertion to facilitate identification of the homozygous mutant animals. The monoclonal antibodies BP102 and lD4 were kindly provided by the Goodman laboratory and 22ClO was a kind gift from the Benzer laboratory. Antibodies against bacterial P-galactosidase was obtained from Sigma Laboratories.
Stained embryos were viewed by Nomarski optics and staged according to Campos-Ortega and Hartenstein (1985) .
lmmunochemical staining of larval and pupal tissues
Tissues were dissected in PBS and fixed for 1 h at room temperature in 2% paraformaldehyde in 0.1 M PIPES buffer (pH 7.4). Samples were washed extensively in PBT and blocked for 1 h at room temperature in PBT containing 0.5% BSA. Incubation in antibody solutions was carried out overnight at 4"C, washed in PBT and then treated with biotinylated anti-rabbit immunoglobulin (Vectastain; 1:200 dilution) for 1 h at room temperature. After extensive washing in PBT, samples were transferred into a solution containing FITC coupled avidin (Molecular probes; 1:30 000 dilution) in the dark for 1 h at room temperature.
Samples were mounted in Vectashield mountant and examined using confocal microscopy.
Behavioral assays
Feeding preference test
The test designed by Tanimura et al. (1982) was carried out with some modifications (Rodrigues et al., 1991) .
Alternate wells of a 6 X 10 microtitre plate were filled with 1% agar containing the stimulus to be tested. The rest of the wells were filled with agar containing 0.2% carmoisine red. For repellents, the stimulus was placed in the same wells as the food dye while the remaining wells contained agar solution alone. Control experiments established that the food dye did not interfere with the test. Two to 4 day old flies were starved in humid chambers for 18 h before testing. Approximately 100 flies were introduced into each test plate and left undisturbed in the dark for 1 h. They were immobilized by cooling and the color of their abdomens scored using a dissection microscope. The acceptance of a stimulus is measured by the fraction of flies with uncolored abdomens. Means and standard deviations of each data point were obtained from at least ten independent tests. Comparisons between populations were made using the Student t-test. The probability that the difference observed between two populations occurs by chance is denoted as the P value. When mutant strains were being tested, strains with precise excisions were taken as the control to normalize for possible differences in genetic backgrounds.
Proboscis extension test
Two to 4 day old flies were starved in moist chambers for 15 h prior to the test, immobilized by cooling and fixed ventral-side up on a microscope slide using myristic acid wax (m.p. = 58S"C). After a recovery period of 3 h, flies were allowed to drink deionized water until satiated and then tested by applying a drop of stimulus to the tarsus of the first leg. Each fly was stimulated ten times, with 5 min gaps between stimulations, and taken as a responder if it extended its proboscis in at least 50% of the trials, 4.7.3. Larval chemotaxis A 9 cm Petri plate was filled with 1% agar solution. After the agar had solidified, half of it was cut away and replaced with agar containing the appropriate stimulus. Third instar larvae were washed off the culture medium, rinsed extensively with distilled water and placed in the center of the plate. Approximately 100 larvae were tested on each plate which was left in the dark for 30 min. The Response Index (RI) was calculated from the difference between the numbers of larvae found on the stimulus and control halves of the plate divided by the total number of larvae participating in the test (Rodrigues et al., 1991) . An index of -1 indicates total repulsion, +l indicates total attraction, and indices around 0 indicate a lack of response. The mean and standard deviation of the response was measured from at least ten independent plates.
